Abstract-Black-box models are a valuable tool to simulate dynamic arc-network interactions, such as those that occur during fault current interruption in ac or HVDC circuit breakers. However, accurate determination of characteristic arc parameters from voltage and current measurements is very challenging. This paper aims to improve the accuracy in arc characterization. A new arbitrary current source is used to simplify arc parameter determination through a more complex current waveform, for example, a series of staircase-like increasing steps. With this, the stationary and transient arc characteristics can be measured independently from each other. Therefore, current steps are well suited to: 1) validate the choice of a specific black-box model and 2) determine the arc parameters of the chosen model with higher accuracy. In principle, the source is also well suited to fill a table of the arc voltage response at various current levels and slopes . Thus, it would be possible to characterize arcs independent of any black-box model, but it would not be well suited to compare different arcs. Therefore, this paper focuses on an improved black-box parameter determination and the experimental validation of the Schwarz model, with and being free functions of .
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I. INTRODUCTION
D
ESPITE the large progress in physical arc modeling [1] - [4] , black-box models are still used to simulate dynamic arc network interactions due to their low calculation effort [5] , [6] . However, the validity and applicability of these models is often challenged due to multiple reasons. First, their accuracy strongly depends on the exact description of the arc parameter functions which are very difficult to determine. Second, it is not straightforward to transfer a measured set of parameters to other arc conditions. This requires that the parameters be determined for each arc configuration. Moreover, there have been doubts that the arc may not be described with a single ordinary differential equation having exclusively the conductance as state variable [7] .
Physical arc models often describe only the stationary arc behavior or, if dynamic behavior is included, they are applicable only for arcs under special conditions [8] . Apart from this is that they usually fail to model the dynamic behavior due to mathematical problems. However, in many applications, the correct modeling of the high-frequency interaction between the arc and its surrounding network is central. Passive resonance HVDC CBs, for example, create an artificial current-zero crossing by exciting a high-frequency oscillation current between the arc chamber and a parallel LC path [9] , [10] . In this situation, dynamic arc behavior occurs with high frequencies 5 kHz) and large current gradients 10 kA/ms). Black-box models have already been successfully applied to describe and predict passive resonance arc behavior [9] , [11] .
The authors agree with the aforementioned concerns about black-box models but believe that many of them originate from imprecise arc parameter determination by experiments and the inability to validate the chosen black-box modeling equation for the arc under investigation. The choice of a more complex black-box model is only possible if its parameters can still be determined experimentally. Classically, arcs are investigated using sinusoidal test currents which have coupled current amplitude and gradient . This current shape is not ideal for parameter evaluation, it would be preferred to control and independently of each other.
The choice of black-box model equations and the algorithm to determine their parameters typically requires making certain assumptions about the arc behavior. These assumptions often remain unverified when an arc is characterized experimentally. First, one has to be aware that a process including different physical processes is described by a simple first-order differential equation, which may not describe the arc completely. In addition to this, some parameter determination methods introduce an analytical shape of how the parameters depend on the arc state (e.g., an analytical expression of the arc cooling power as a function of the arc conductance :
). The terminology direct and indirect are introduced to classify the methods. A determination method is classified as direct, if it does not require a mathematical description of the chosen arc parameters, but extracts them as individual measurement points at different arc states. Indirect methods, in contrast, require that the shape of the arc parameters be described, for example, the often used power functions . In this contribution, it is illustrated how a current source that is able to produce complex waveforms, can be used for an improved arc characterization. It can be used: 1) to characterize the arc by analyzing the step response to sudden changes in arc current before selecting a black-box model; 2) to judge which model equation is most suitable to describe the arc; and 3) to improve the accuracy of arc model parameter determination. This 0885-8977 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
is achieved by decoupled creation of steady-state and dynamic arc behavior within one measurement and will be experimentally illustrated for a free burning arc. The manuscript is structured as follows: Section II briefly reviews classical direct and indirect methods for arc model parameter determination. In Section III, a new method based on staircase-like currents is proposed. This current shape is used to extract the parameters of a widely accepted black-box model and validate its applicability for the investigated arc. The classical and new methods are applied to the measurements of a free-burning arc in Section IV. The discussion of the results is made in Section V. A summary and outlook concludes this paper in Section VI.
II. BLACK-BOX-MODELING OF ARCS
The majority of today's black-box models are modifications or extensions of the well-known models from Mayr and Cassie and can be brought into the form of (1) [12] - [16] . This equation, also referred to as the energy balance equation, describes the change of the stored energy content in the arc column resulting from the imbalance between ohmic heating and cooling (1) Under the assumption that the cooling power and the conductance are arbitrary functions of , the general form of the dynamic arc equation [16] , [17] can be formulated (2) With the further assumption of , where and are constants describing the arc, plus the definition of a thermal time constant , (2) equates into the Mayr equation (3) "Rejecting the hypothesis that in Mayr's model of a dynamic arc, represented by (3), the time constant and cooling power are constants, leads to a generalized Mayr's equation or the Mayr-Schwarz arc equation" [17] , where and are free functions of the arc conductance (4) Generally, the determination of an arc characteristic is performed in two or three steps, in which the second step is optional as follows.
1) Choice of a black-box equation to link the internally stored energy to externally measurable parameters and . This includes specification of arc parameters, which can be an arbitrary function of the arc state, for example, and [14] . 2) Optionally, the chosen arc parameters are assumed to follow a specific analytic form, for example, and [14] . According to the classification before, determination methods that require such an expression would be called indirect.
3) A method is chosen to determine the specified arc model parameters of the chosen modeling equation from measured and oscillograms. Therefore, direct determination requires a large measurement effort because the parameters must be measured and determined individually (with a reasonable discretization) for each possible arc state . Indirect determination requires significantly less measurement and calculation effort because not the arc parameters but only their coefficients are determined, like , , , and in the example from before. The desire to characterize the arc independent of a black-box model is to a certain point unrealistic, because it would require tabulating the arc voltage and change of arc voltage for all current values and changes in current for all external arcing conditions. Even though this would be possible with our new current source, it would cause unnecessary large experimental effort and is not well suited to compare arcs under different external conditions. It is thus preferred to use the source to validate the applicability of a black-box model and to determine the arc model parameters directly and with improved accuracy.
A. Iterative Indirect Method (A)
Several authors found experimentally over a wide range of conductance a potential dependency and [14] , [16] , [18] . This enables numerical calculation of the arc voltage by integrating (4) as a response to the measured current . Iteratively, the parameters are adjusted to minimize the least square error between the measured voltage and recalculated waveform [14] .
B. Direct Parameter Separation Method (B)
Rijanto [19] determines the parameters and only at specific instants in time with , , and , where the effect of either or disappears. In a local thermal equilibrium , the cooling power is equal to the ohmic heating power and (4) simplifies to . In a current zero crossing , no ohmic heating is present and (4) simplifies to .
C. Direct Multiple Gradient Method (C)
Amsinck [20] , Ruppe [21] , Drebenstedt [22] , and Leu [11] transform (4) either graphically or mathematically to the form of a straight line with and (5) Equation (5) is then solved at least for two points , with identical conductance but different gradient . For only two points, it equates to [20] and [21] (6)
When using multiple points of identical conductance , a least square fit can be applied to determine the straight line parameters and [11] , [22] . The arc parameters equate from and . 
III. IMPROVED METHOD FOR DIRECT ARC CHARACTERIZATION
A. Arc Characterization for the Choice of an Appropriate Model
A novel current source enables testing with nearly arbitrary current waveforms including steps and slopes of varying steepness [23] . Based on this ability, a new arc parameter determination method was developed that uses a series of staircase-like current steps for arc characterization. Herein, the current gradient is chosen as large as possible but at least sufficient to create a significant overshoot in the arc voltage. The subsequent constant current is chosen sufficiently long for the arc voltage to reach a stable voltage. The step amplitude must be chosen small enough that a linear shape of the stationary characteristic can be assumed between two successive constant current values.
The arc voltage response of a single current step is shown in Fig. 1 . The arc shows a stationary characteristic during the constant current intervals, but fluctuations are superimposed. Further, a transient arc voltage spike occurs during the current step followed by a subsequent exponential decrease in the constant current phase toward the new stationary voltage.
From the observed transients, one can conclude that the freeburning arc under investigations is quite well described by a first-order differential equation, that is, the current steps are used to identify a suitable arc model. In agreement with other authors, (4) is thus chosen [14] . It is now required to determine the parameters and as free functions of g. An improved method for their determination is proposed in the following subsection.
Instead of introducing a black-box model at this point, the arc could be characterized by a table with external measurable parameters as a response to several combinations of . To fill such a table, a large number of similar stairs would have to be measured with a different current gradient of the rising slope.
We would consider such a description model independent, but very impractical to realize.
B. Staircase Method for the Improved and Direct Arc Parameter Determination (Method D)
It was found that current steps are also well suited to extract the arc parameters of a chosen model, as the stationary and transient arc characteristics are measured independently from each other. A similar approach had been proposed in 1954 [7] , but it was not experimentally realizable at that time.
The specific determination algorithm is shown here at the example of the generalized Mayr's (4). However, it is not restricted to this model and can be used more generally.
1) The measured voltage and current are cut into sections , , each including a current step and the subsequent constant current. 2) In each section, the quasistationary voltage and current after the dynamic behavior vanished are taken. The stationary cooling power follows directly as versus conductance . 3) is section-wise linearly interpolated between two quasistationary points (8) with and . 4) The conductance and its gradient are calculated for each section. The chosen model equation [here (4) ] is also solved for the current gradient using (8) (9) 5) Iteratively, for each segment, the least square error (10) is then minimized by modifying with a start guess, in our case, or .
IV. EXPERIMENTAL SETUP AND METHOD IMPLEMENTATION
A. Arc
The methods should be tested under worst case conditions concerning the signal-to-noise ratio (SNR) between the currentgradient-excited transient overvoltage overshoot and the notcurrent-gradient-excited stochastic fluctuations. With respect to that, a free-burning horizontal arc is optimal because it features a relatively low voltage but strong fluctuations and, thus, has a poor SNR. Experiments with wall-stabilized arcs and blow arcs under stair currents have been performed, and parameters curves were successfully extracted from them but they are not shown here. In comparison to free-burning arcs, these experiments had higher arc voltages and exhibit fewer arc fluctuations.
Spherical copper electrodes of 50-mm radius and 4-mm gap distance were used. The arc was ignited with a spark plug for the experiments in the LC-resonance test circuit. For the measurements in the new arbitrary current source, a copper igniting wire with 50-m diameter was used. To minimize the effect of the igniting wire on the arc characteristic, a constant current of 75 A was applied for at least 100 ms before the evaluated current section.
B. LC-Resonance Test Current Circuit
An LC resonance circuit with a precharged capacitor was used to generate the damped sinusoidal current. No additional damping resistor was added, but the current amplitude decrease resulted from the energy consumption of the arc and the resistance of the test circuit. Inductances and capacitances in the range of 4 H 10 mH and F were used, respectively. The resulting oscillating frequency of the test current was in the range of 0. 5 17 kHz.
C. Arbitrary Current Source
Our newly built arbitrary current source was used to generate the desired staircase-like current waveform. The source consists of three interleaved buck-converter-type modules equipped with a real-time insulated-gate bipolar transistor (IGBT) controller. The current source concept has been published in [23] and will not be repeated in detail here.
D. Current and Voltage Measurement
A
Pearson current-transformer was used to measure the sinusoidal currents and an hall-sensor for the step currents. Both sensors have errors 1%. The arc voltage was measured from the signal difference of two identical LeCroy 1:1000 voltage probes with 1% error, connected to a differential amplifier. Geometric constraints made it impossible to place the voltage probes directly at the electrode tips, which caused a stray inductance in series to the arc. The value of it was determined from a short-circuit measurement to 0.45 H. The voltage measurements were mathematically compensated for this stray inductance using the gradient of the measured current. The series resistance between the two voltage probes is negligible.
E. Method Implementation and Validation
The classical evaluation methods A-C and the improved method D, were implemented in Matlab. All implementations were carefully verified and validated using synthetic test data: 1) Validation: Hypothetical arc voltages for various forms of assumed arc parameter functions and were calculated for current with shapes similar to the measured ones. Then, and were evaluated using methods A-D. Methods B-D always correctly recalculated the assumed parameter functions. Method A only succeeded for parameter shapes of the form and . 2) Sensitivity to Noise: Stochastic fluctuations in the arc voltage are always present in real measurements [24] . To determine the sensitivity of the different methods to noise, a white Gaussian noise with vanishing mean value and a standard deviation of 1 V were added to the hypothetical arc. This corresponds to 2% of the maximum arc voltage, which is considered to be a conservative lower limit. Again, a parameter evaluation was performed with methods A-D from the disturbed voltage signal. Both parameters and were correctly derived from methods A and D with minor error . Methods B and C showed significant scattering 20%) in and returned unreasonably high or even negative values of . Unlike methods A and D, methods B and C use single points in time to calculate the arc parameters. Therefore, they are much more sensitive in disturbances in measurement values.
3) Choice of Filtering: Improving the determination from methods B and C by numerically filtering before was tried. With a 5th-order Butterworth filter with a cutoff frequency at 100 , the current oscillation frequency was able to reduce errors and scattering of method B below 10%. For method C, the filter reduced the error in below 10%, but the error in remained above 50%. The reason for the poor evaluation of method C lies in the error amplification through the straight line fit.
V. RESULTS
The improved method for arc parameter determination should be compared with the existing methods. The existing methods are all based on the generalized Mayr's equation. Therefore, the comparison is performed for its parameter functions and . As verified before, (4) characterizes the arc under investigation to be sufficiently accurate.
A. Classical Methods A-C 1) Measurement Results:
Sinusoidal currents of 13 frequencies in the range of 0.5 16 kHz were created and applied to the arc as described in Section IV-A. Of these, only three test currents and the corresponding voltages are shown in Fig. 2(a)-(c) . The voltage waveforms show reignition peaks shortly after current zero only for low-current oscillation amplitude and for lowfrequency oscillations. Only those conditions show sufficiently small gradients at current zero so that the arc reduces its conductance significantly. For increasing frequencies, the measurement gets closer to a sinusoidal arc voltage that is in phase with the current. For infinite frequency, the arc would show purely resistive behavior.
2) Parameter Evaluation Results: Methods B and C were applied separately to each measurement to extract the parameters and . Method A was applied to all selected measurements in Figs. 2(a)-(c) simultaneously. The resulting are shown for three test current frequencies in Fig. 2(d) -(f) and the resulting in Fig. 2 
(g)-(i). Method A yields a linearly rising
with 1560 W}/S and 1. Methods B and C extracted almost the same linearly rising power loss for all frequencies. Methods B and C show increasing scattering with increasing frequency. In method B, this is caused by error propagation. The time the arc remains at is smaller for higher frequencies and, thus, presents scattering in measurement voltage and current can be averaged out less. For method C, the reason lies in the arc behavior itself. At low frequencies, the arc follows mainly its stationary curve. Consequently, lower current gradients, that is, lower oscillation frequencies, lead to more accurate results.
Methods A-C all extracted arc thermal inertias of 0-20 s. However, the resulting strongly varies with method and current oscillation frequency: Method A results in a curve with 4.3 s and 0.3. A similar result was found for the 8.4-kHz measurement with method B and for the 3.5-kHz measurement with method C.
For a reliable evaluation also at high conductance values, method B requires high-frequency oscillations as it uses current zero crossings for the evaluation. At low conductances, method B yielded unexpectedly high values. 
B. Staircase Current Method D 1) Measurement Results:
Four identical experiments were performed with step-wise increasing current. A typical current waveform is plotted in Fig. 3(a) . The current waveform features large slopes with 7 kA/ms to show deviations from the stationary curve. Each current step is followed by a current plateau for 230 s of nearly constant current with slopes 0.07 kA/ms. The current step is 50 100 A. The measured arc voltage is also plotted in Fig. 3(a) . For each current step, a voltage peak with an exponential decay of length 10 15 s is observable. A quasistationary arc voltage section follows. This gives a first rough estimation of the thermal inertia . During the constant current phase, the arc voltage is not fully constant, but fluctuations with time constants of 500 S occur. This behavior is due to fluctuations of the arc geometry or in its temperature distribution and is not described by the blackbox (4). Thus, even a perfect parameter evaluation method will show a certain error in predicting the quasistationary behavior. However, the large difference in the dynamics justifies a extraction with minimal error.
2) Parameter Evaluation Results: The resulting arc cooling power during one experiment with staircase-like current is shown in Fig. 3(b) . The measurements are plotted with a solid line and the quasistationary values from the constant current phases are indicated with open circles. They were extracted as the mean value of the arc voltage during the constant current sections starting with 50 s after the current step up to the next step. This assured that the fast dynamics have already vanished and the slow dynamics are averaged out. The stationary arc characteristic is approximately described by with 659 W, 1.24, and 1 S. From the shape of the curve [ Fig. 3(b) ], it is possible to judge if linearizing between the points is reasonable or if another measurement with a smaller step size is required. Moreover, large scattering in would indicate that the external physical conditions are not maintained sufficiently constant.
The extracted values are displayed in Fig. 3(c) . A general increase with increasing conductance can be seen and can be approximately described by with 6.7 s, 0.23, and 1 S. The standard deviation is 4 s.
3) Recalculation of
Step Current Experiment With Evaluated Arc Parameters: For a consistency check, the arc voltage can be recalculated with the blackbox model (4) using the previously evaluated discrete values of and linear interpolations between . In Fig. 3(d) , the recalculated arc voltage waveform (dashed line) is compared with the measured one (solid line). The dynamic behavior corresponds correctly to the measured arc voltage. The stationary behavior does that only on average, as the slow stationary dynamics were neglected as described before. This holds true for the general fluctuations, but also for the sudden voltage drop at 76.6 ms.
In Fig. 4 (e) and (f), the evaluated parameters of four subsequent experiments with identical staircase-like currents are shown. In all experiments, the dynamic arc behavior was similar, but the average arc voltages differed by approximately 5 V. This can be seen in the curves of Fig. 3 (e. While all curves are nearly free of scattering in themselves, different curves result from shot to shot, an indication of the different states of the arc in the different experiments. Interestingly, all four experiments result in similar , as shown in Fig. 3(f) . Consequently, seems to vary more from experiment to experiment than .
4) Recalculation of LC Experiments With Parameters Evaluated From
Step Experiments: The parameters extracted by method D from the step current measurements were also used to recalculate the arc voltage of the experiments in the LC circuit described before. Therefore, the parameter curves were analytically interpolated by the functions shown in Figs. 3(e) and (f) (solid lines) and (11) with 1718 , 5.4 s, 0.26, and 1 s. Again, (4) was used to model the arc.
The recalculated voltage waveforms (dashed lines) are compared with the measured ones (solid lines) in Fig. 4 . The recalculation result is very satisfying, deviations only occur directly after current-zero as the reignition is not covered in this blackbox model. 
VI. DISCUSSION
An accurate measurement of dynamic arc current and voltage is very challenging, even with suitable measurement equipment. In addition, the arc may change its characteristics during a measurement due to elongation, arc root movement, as well as magnetically or thermally caused movement of the arc column. This results in continuous and stochastic arc voltage fluctuations. Hence, the quality of the determination algorithms mainly depends on the ability to extract from a poor SNR that part of the behavior that is governed by the chosen energy balance equation.
Method is very easy to implement, not sensitive to noise in the measurement signal, requires no specific current waveform, and often provides very acceptable results [9] , [14] . However, the selected parameter functions are fitted to the entire experiment and, thus, typically to a wide range of conductances . Even if it is possible to find parameter functions for and that are valid over the entire range of , it is not obvious that the evaluated parameters are constant over the whole experiment. In our case, method was only successfull because it was fitted to all three measurements at different test current frequencies simultaneously. The best fit to the experiment at 840 Hz results in poor recalculation of the arc voltage of the experiment at 8.3 kHz. Method provides the benefit of independent and determination but requires a current waveform with sufficient current zero crossings and sufficient instances with 0. An oscillating current waveform with decreasing amplitude and decreasing current gradient is thus ideally suited. Alternatively, multiple measurements may be combined to collect sufficient extractable points. Handling numerical challenges is critical in the implementation of method B: First, fluctuations in the measurement signal lead to instances with 0 that are part of the arc dynamics but are easily misinterpreted as stationary points. Second, at current zero, the values and are not defined, due to division by zero, and interpolation methods must be used. Third, any time shift between a voltage and current zero crossing leads to unreasonable values. Such a shift occurs quite regularly and can be the consequence of a measurement offset or a delay from the measurement equipment and long cables. The cooling power is successfully evaluated only for low frequencies as the arc is truly stationary at the current peak only for these current shapes. For increasing test currents frequency, the arc is no longer in the stationary state and this leads to increased scattering in the evaluation. The opposite is true for the evaluation of . From stationary arcs (low-frequency oscillations), the thermal time constant cannot be evaluated. To obtain reliable data from method , at least two measurements with significantly different oscillation frequencies need to be performed.
Method strongly relies on the validity of (4) because it determines and simultaneously from the dynamic waveform. Consequently, only a narrow band of current frequency enables accurate parameter extraction. In our example, only the measurement at 3.6 kHz was successful. We have performed experiments with a slightly different test current frequency (2.5 kHz and 5.5 kHz; not shown here) and the evaluation showed considerably less accurate results, similar to the ones shown for 840 Hz and 8.3 kHz. Its graphical implementation conducts certain intrinsical averaging through the straight line fitting but has strong error propagation for and is thus very vulnerable to arc fluctuations. Consequently, it requires large effort in implementation to deal with all of the numerical problems and a manual identification of poorly extracted points.
The reliable evaluation of and with low scatter can be done using the new method . From a single experiment, it is possible to determine the arc characteristic of the entire conductance range. From Fig. 4(a) , it can be seen that the arc voltage is not constant during the constant current phase. This corresponds to arc elongations, movements, or changes in the temperature distribution [24] . Thus, only an average arc characteristic can be evaluated. However, from Fig. 4(e) , it can be seen that it is even possible to distinguish these different states of the arc from repetitive experiments. Of the four different experiments, three different cooling powers have been determined, which indicates three different arc lengths at the instant of the measurement. The lowest value, which corresponds to the shortest arc length, is found in two experiments. These differences in the state of the arc originate from the period before the staircase-like test current is applied, as a low-current arc is burning for 100 ms before the experiment to minimize the effects of the ignition wire.
In addition to improved accuracy in the arc parameter determination, method D is the only one that allows to judge if the chosen model equations are reasonable. From the exponential shape of arc voltage measurement in response to the current step of the presented experiments, it can be confirmed that the behavior only depends on the deviation of the arc conductance from its stationary state and that it can be described with a simple time constant . The chosen power law relation for and with respect to holds true for the presented arc configuration. But this may be different for other arcing conditions and always needs to be carefully checked. Of course, all of the benefits described before come at the price of a substantially more challenging creation of the necessary specifically shaped current waveforms.
VII. CONCLUSION AND OUTLOOK
Despite the recent advances in physical arc modeling, black-box modeling is still a valuable tool to efficiently simulate arc network interaction. This can be, for example, current interruption in power networks or the interaction between an arc chamber and a parallel LC circuit in a passive resonance HVDC circuit breaker. The most important challenge in black-box modeling is the choice of a parameter function to describe the arc and the determination of the parameter values for all states of the arc. In this contribution, the limitations of conventional parameter determination methods from experiments with sinusoidal test currents have been demonstrated on the example of a free-burning arc. The problems are mainly threefold: 1) the sensitivity of the classical methods to arc fluctuations; 2) the limited spread of in sinusoidal test currents and consequently the limited amount of information that can be extracted; and 3) the necessity to make an a priori assumption of parameter function and model equation without the possibility of validation.
In this contribution, an improved direct method to determine the arc characteristic by using more complex current waveforms is proposed. For the first time, the arc voltage was measured in response to a step current. It was demonstrated in the example of a free-burning arc that it is possible to determine the arc characteristics with very high accuracy. It was even possible to distinguish different states of the arc in subsequent identical experiments. In addition, it was possible to confirm that commonly used arc model equations are suitable descriptions of the arc characteristics.
The ability of improved parameter extraction by using complex current waveforms is expected to become very helpful in future research on high current arcs. Other current waveforms besides the current steps may also be beneficial for more precise or more efficient arc parameter determination and will be investigated in the future. 
